The tropical seagrass genus, Halodule, is distributed in warm to tropical areas throughout the world. We performed separate molecular phylogenetic analyses of Halodule based on both plastid and nuclear DNA sequences, followed by haplotype analysis, focusing on plants in the western Pacific area. One western tropical Atlantic species, H. wrightii s.l., and two western Pacific species, H. pinifolia and H. uninervis, were recognised and characterised by leaf morphology. Because samples from the western tropical Atlantic and the western Pacific were nested with each other, allopatric differentiation into both areas may have occurred during the early stages of the evolution of the genus. A hybrid of Halodule was detected at two nearby localities in Okinawa, Japan, together with its co-occurring maternal and paternal species, H. uninervis and H. pinifolia, respectively. Haplotype analysis provided evidence that the hybrid resulted from a single hybridisation event, followed by clonal dispersal to its present localities.
Introduction
Some submerged aquatic macrophytes are evolutionarily adapted to their environment through special pollination systems known as epi-and hypohydrophily. Under these systems, currents carry the pollen through the water or on the water surface. In the absence of reproductive incompatibility, hybridisation among two or more coexisting species is possible. In fact, epi-and hypohydrophilous aquatic macrophytes include natural hybrids, e.g., Callitriche (Callitrichaceae), Elodea and Najas (both Hydrocharitaceae), and Zannichellia (Potamogetonaceae) (Les & Philbrick 1993) , and Ruppia (Ruppiaceae) (Ito et al. 2010 ), but natural hybrids have not been found in seagrasses.
The seagrass genus, Halodule (Cymodoceaceae), is distributed in warm to tropical areas throughout the world and is thought to undergo epihydrophilous pollination according to Cox and Knox (1989) , who observed the pollination of H. pinifolia in Fiji. The taxonomy of the genus has long been determined by examining leaf tip morphology and leaf width because of the absence of reproductive organs in most specimens. However, the taxonomic conclusions are inconsistent; den Hartog (1970) identified six species throughout the world by means of leaf tip morphology and leaf width, whereas Phillips and Menez (1988) identified three species using only leaf tip morphology. Taxonomic confusion has been especially prominent in the identification of H. uninervis; some researchers divided plants with narrow and wide leaves into H. tridentata and H. uninervis, respectively (den Hartog 1964 , Ohba & Miyata 2007 , whereas others considered all plants with varying leaf width to be H. uninervis (den Hartog 1970 , Phillips & Menez 1988 . Den Hartog (1964) attempted to use chromosomal information for the taxonomy of the genus, but only two specimens were examined; they were both 2n = 44 and were thought to be tetraploid (den Hartog et al. 1979) . Putative hybrids of Halodule have also been recognised in Japan on the basis of their sterility and intermediate leaf width when compared to their putative parental species (Ohba & Miyata 2007) , suggesting that a rather complicated evolutionary path may have led to this taxonomic confusion.
There have been two hypotheses for the evolution of Halodule: one is that, like the twin species of Syringodium (Cymodoceaceae) and Thalassia (Hydrocharitaceae) in the Atlantic and Pacific Oceans (Phillips & Menez 1988 ), H. uninervis and H. wrightii may have originated from an ancestor with a wide distribution in tropical seas and differentiated in the respective oceans (Ostenfeld 1915 , Setchell 1935 , and the other is that the H. uninervis and H. wrightii groups may have been derived from the relict species H. pinifolia (den Hartog 1964) . Although relationships within the genus Halodule have been investigated using isozyme (McMillan 1980) and DNA sequences (Waycott & Barnes unpublished, Ohba, Ohba & Miyata unpublished) , relationships remain unclear and require further investigation.
The current study examined the phylogenetic relationship of Halodule species in the context of the widely accepted classification proposed by den Hartog (1970) and investigated the origin of the putative hybrid. We performed simultaneous molecular phylogenetic analyses using plastid (ptDNA, rbcL) and nuclear DNA (nDNA, phyB) gene sequences. For the putative hybrid, we performed subsequent haplotype analysis of psbA-trnH (ptDNA), focusing on western Pacific species. Finally, given the chromosomal information and morphological characteristics, we discuss the systematics and evolution of the genus.
Materials and Methods

Taxon sampling
Fifteen samples of Halodule species were collected from 11 localities, mainly in the western Pacific, but also in the western tropical Atlantic (Appendix 1 (Green & Short 2003) , but no high-quality specimens from either area, which would allow DNA extraction and analysis, were available. Most of the samples collected in the current study were identified morphologically according to den Hartog (1970) except one unidentified sample without leaf tips, which was treated as Halodule sp. Specimens of H. uninervis from two localities in Japan showed clear differences in leaf width. We tentatively referred to them as H. uninervis "Narrow" and H. uninervis "Wide," according to den Hartog (1970) . Potamogeton maackianus A. Benn. (Potamogetonaceae) and Ruppia megacarpa S. Mason (Ruppiaceae) were selected as outgroups according to the phylogeny of Alismatidae presented by Les et al. (1997) .
Chromosome observations
The somatic chromosome number of a subset of Halodule samples from two localities was obtained by light microscopic examination (Fig. 1) . Root tips collected in the field were pretreated with 0.002 M 8-hydroxyquinoline at 4°C overnight, fixed with freshly mixed Carnoy's fixative (3:1 [(v/v)] ethyl alcohol: acetic acid) for at least 30 min, and then preserved at 4°C. For microscopic observation, root tips were soaked in 1 N HCl for 1 h followed by 10 min at 60°C. After immersion in tap water, the root tips were stained in a drop of 1.5 % Orcein acetate solution on a slide glass and then squashed.
DNA Extraction, Amplification, and Sequencing
Total genomic DNA was extracted from silica gel-dried leaf tissue using the method of Doyle and Doyle (1987) with slight modifications after pretreatment with HEPES buffer (pH 8.0) (Setoguchi & Ohba 1995) . Sequences determined in our current study were registered with the DNA Data Bank of Japan (DDBJ), which is linked to GenBank, and their accession numbers are given with the sample information in Appendix 1.
Target regions in plastid DNA were amplified by polymerase chain reaction (PCR) using the following primer pairs: rbcL_Z1 (Wolf et al. 1994 ) and rbcL_636R (P.G. Wolf http://bioweb.usu.edu/wolf/rbcL%20primer%20map.htm) or RM_F and RM_R (Ito et al. 2010) for rbcL and psbAF and trnHR (Sang et al. 1997) for the psbA-trnH intergenic region. PCR amplification was conducted using TaKaRa Ex Taq polymerase (TaKaRa Bio, Shiga, Japan), and PCR cycling conditions were: 94°C for 60 sec, followed by 30 cycles at 94°C for 45 sec, 52°C for 30 sec, and 72°C for 60 sec, followed by a final incubation at 72°C for 5 min. The PCR products were digested with ExoSAP-IT (USB, OH, USA) and amplified using the ABI PRISM Big Dye Terminator v3.1 kit (Applied Biosystems, Foster City, CA, USA) with the same primers used for the initial PCR amplification reaction. DNA sequencing was performed using an ABI PRISM 377 DNA Sequencer (Applied Biosystems). Complementary electropherograms were compared by eye using the Genetyx-Win Version 3 software (Software Development Co. Ltd., Tokyo, Japan).
Nuclear-encoded phyB of the phytochrome gene family was selected as a nuclear marker because it is a single-or low-copy nuclear marker in several plant groups and thus advantageous for phylogenetic comparisons (Mathews et al. 2000 , Simmons et al. 2001 , Mathews & McBreen 2008 , Ito et al. 2010 . PCR amplification was performed using either phyB_38F or phyB_RuppiaF (Ito et al. 2010 ) with B-down (Mathews et al. 2000) under the following conditions: 94°C for 60 sec, followed by 25 cycles at 94°C for 45 sec, 60°C for 60 sec, and 72°C for 90 sec, followed by a final incubation at 72°C for 5 min. The PCR products were purified using a GeneClean II kit (BIO 101, Carlsbad, CA, USA) and directly sequenced. Overlapping double peaks at the same sites were identified for complementary strands in electropherograms. PCR products with overlapping peaks were cloned using a TOPO TA Cloning kit for sequencing (Invitrogen Corp., Carlsbad, CA, USA). At least 16 clones per sample were chosen and their sequences were determined using the same procedure as used for the initial PCR amplification reactions, followed by direct sequencing. Clones containing nucleotides that were not detected by direct sequencing were regarded as PCR errors.
Data analysis
Multiple sequences of each gene were manually aligned because no length mutation was detected for rbcL and phyB. Phylogenetic analyses were independently performed for rbcL and phyB because we detected some well-supported incongruence between genomes and because distinct sequences of phyB were obtained from two samples (NT2445 & YI01240). One representative sequence per operational taxonomic unit (OTU) was used for the following phylogenetic analyses. Phylogenetic inference was performed using maximum parsimony (MP) and maximum likelihood (ML) in PAUP* 4.0b10 (Swofford 2002) , as well as Bayesian inferences (BI) in MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003) . In the MP analysis, a heuristic search was performed with 100 random addition replicates involving tree-bisection-reconnection (TBR) branch swapping, with the MulTrees option selected. The MaxTrees option was set at "no limits" for the analysis. Bootstrap analyses (Felsenstein 1985) were performed using 1000 replicates with TBR branch swapping and simple addition sequences. In the ML analysis, heuristic searches were performed with 10 random addition replicates using a best-fit model (HKY+G for rbcL and K80+G for phyB). Parameter values were estimated by a hierarchical likelihood ratio test in the program Modeltest 3.7 (Posada & Crandall 1998) . Bootstrap analyses were performed using 1000 replicates with TBR branch swapping and as-is addition sequences under the same ML models. In the Bayesian analysis, hierarchical likelihood ratio tests implemented in the program MrModeltest 3.7 (Nylander 2002) were used for substitution model selection (HKY + G for rbcL; K80 + G for phyB). The Bayesian Markov chain Monte Carlo (MCMC) algorithm was applied for 1 million generations in both the rbcL and phyB analyses, with four incrementally heated chains starting from random trees and sampling one out of every 100 generations. Of the rbcL and phyB generations, the first 25% of trees (250,000 generations for both data sets) were discarded as burn-in, and the remaining trees were used to calculate a 50% majority-rule consensus tree and to determine posterior probabilities for branches. The data matrices and the MP and Bayesian trees are available from the TreeBASE database (study accession http://purl.org/phylo/ treebase/phylows/study/TB2:S10689).
Statistical parsimony analyses of Halodule haplotypes from western Pacific samples were performed using the program TCS version 1.21 (Clement et al. 2000 ) with a 95% parsimony connection limit. One insertion (six nucleotides) resulting from an inverted duplication of an adjacent sequence was coded as a single evolutionary event with the 'gaps = 5th state' option selected.
Results
Chromosome numbers
A diploid genome with 2n = 44 was observed in H. pinifolia (YI01241) and H. uninervis "Narrow" (YI01240) (Fig. 1, Table 1 ). This is in agreement with the number previously reported for H. wrightii from the western tropical Atlantic by den Hartog et al. (1979) .
Molecular Phylogeny
In the current study, the sequences determined for rbcL were comprised of the coding region, with a length of 1295 bp for all samples examined. To adjust the length of the sequences, a portion of the amplified and GenBank sequences was discarded to give a total length of 1179 bp, except for one sequence of H. wrightii, for which the length was 792 bp in total (AY787476 + AY787477). The molecular phylogenetic analyses yielded two MP trees (tree length = 115 steps, consistency index = 0.9826, retention index = 0.9375) and one ML tree with -InL = 2264.6001. Because the MP and ML trees showed largely congruent topologies, one of the two MP trees with branch support values derived from MP, ML and BI analyses is shown in Fig. 2A . In the tree, one branch and two clades were obtained and named RL-I to RL-III ( Fig. 2A ). RL-I contained H. wrightii and H. beaudettei from the western tropical Atlantic (96%, 96%, 1.00 for MP, ML bootstrap supports, and Bayesian posterior probability). The remaining samples from the western Pacific were divided into RL-II and RL-III (72%, 56%, 0.91); the former consisted of H. pinifolia, and the latter consisted of H. uninervis "Narrow," H. uninervis "Wide," and one sequence of H. pinifolia (U80690).
The sequence determined for phyB comprised a part of exon 1, with a length of 1050 bp for most samples (562bp for three samples and no sequences for two samples); the OTUs correspond to those shown in Fig. 2A . Of the 14 Halodule samples, two samples had two different phyB sequences each, whereas the others had a single phyB sequence. An identical MP tree (tree length = 321 steps, consistency index = 0.9751, retention index = 0.9158) and an ML tree with 2865.1418 were obtained, and the former is shown with branch support values derived from MP, ML and BI analyses in Fig. 2B . Three well-separated branches were obtained and named PB-I to PB-III (Fig. 2B ). Samples were divided into PB-I and PB-II plus PB-III representing samples from the western tropical Atlantic and the western Pacific, respectively. PB-II and PB-III contained H. pinifolia and H. uninervis "Wide", and the heterogeneous phyB sequences of H. uninervis "Narrow" were placed in both PB-II and PB-III.
Haplotype analysis
Each fragment of psbA-trnH in Halodule was 282 bp, and 288 bp in total after alignment according to Simmons and Ochoterena (2000) , resulting in six haplotypes including five nucleotide substitutions and one indel variation (Table 2 ). All haplotypes were connected to the network constructed by TCS (Fig. 3) . Two large clusters, haplotypes A and B and haplotypes C-F, were obtained. The former included those from H. pinifolia, and the latter included those from H. uninervis "Narrow" and "Wide". Halodule uninervis "Narrow" was comprised of haplotypes C, D, and F, and H. uninervis "Wide" was comprised of haplotype E. No haplotype sharing was obtained. Haplotype A was distributed widely from Japan to Singapore to Vanuatu, whereas haplotypes B, 2 . The most parsimonious trees of Halodule based on (A) plastid DNA (rbcL) and (B) nuclearencoded phyB sequences. Samples collected in this study were identified by leaf morphology according to the taxonomic criteria of den Hartog (1970 
H. beaudettei YI 01254_Texas
Ruppia megacarpa
Potamogeton maackianus
RL-Ⅲ RL-Ⅰ
Ruppia megacarpa
Potamogeton maackianus 100/100 64/66 0.98 100/100 1.00 1.00 C, D, E, and F were restricted to Myanmar, Japan, Guam, Japan, and Japan, respectively. Multiple haplotypes were obtained in two localities in Japan; haplotypes A, C, and E were found in Amami and haplotypes A, E, and F were found in Okinawa (Fig. 4) .
Discussion
In the present study, the separate molecular phylogenetic analyses of the rbcL and phyB sequences partially resolved the phylogenetic relationships within Halodule. A comparison of the trees showed similarities, e.g., RL-II corresponded to PB-II, yet topological incongruence seems to be attributable to the fact that two samples had distinct phyB sequences (NT2445 and YI01240). When hybridisation and/or polyploidisation occur, similar topological incongruence between ptDNA and nDNA trees is often observed (e.g. Winkworth & Donoghue 2004 , Obbard et al. 2006 , OhiToma et al. 2006 , Kim et al. 2008 , Ito et al. 2010 . Given the inferred phylogenetic relationships, the systematics and evolution of the genus and the origin of a hybrid of Halodule are discussed below.
Systematics and evolution of Halodule
Molecular phylogeny resolved three clades that were comprised of (1) H. beaudettei and H. wrightii, (2) H. pinifolia, and (3) H. uninervis "Wide," and H. pinifolia (Fig.  2) . The tridentate leaf tip of H. beaudettei was used by den Hartog (1970) to morphologically differentiate it from H. wrightii, which has a bicuspidate leaf tip, but the two were clustered in the rbcL tree. McMillan (1980) elucidated a uniform pattern of isozymes based on an extensive study, mostly covering the distribution of H. beaudettei, H. wrightii, and two other local species in the western tropical Atlantic. He also investigated leaf width and leaf tip morphology. The current work suggests that, despite some genetic variation, H. beaudettei should be grouped together with H. wrightii and named H. wrightii s.l.
Although some genetic differentiation was observed, the results are also consistent with the Genbank accession U80690 of H. pinifolia being misidentified material of H. uninervis. The leaf width of H. pinifolia is 0.6-1.2 mm and that for H. uninervis is 0.25-3.5 mm (den Hartog 1970) and the emphasis he placed on these overlapping characters makes misidentification very easy. A similar confusion was observed in a previous molecular study, in which neither internal transcribed spacers (ITS) nor trnL trees resolved H. pinifolia and H. uninervis (Waycott & Barnes unpublished).
Flowers and fruits have seldom been collected from Halodule specimens; thus, identification and classification are carried out using vegetative morphology. Along with the molecular data, we distinguished three species by leaf tip morphology, leaf width, and the length of the leaf sheath; H. pinifolia leaves exhibit a round, narrow (0.3-0.9 mm), and short (15.4-23.6 mm) morphology; H. uninervis leaves are tridentate, wide (2.1-2.7 mm), and short (8.0-30.9 mm), whereas H. wrightii s.l. leaves are bicuspidate or tridentate, narrow (0.5-0.7 mm), and long (29.3-40.0 mm) ( Table  1) . H. uninervis "Narrow" (NT2445 & YI01240) has tridentate leaf tips, medium leaf width (1.0-1.9 mm), and medium leaf sheath (21.8-37.0 mm) and may be of hybrid origin (see below). 
An isozyme study of Halodule showed a clear difference between samples from the western tropical Atlantic and the Indo-Pacific (McMillan et al. 1981 , McMillan 1991 . A molecular phylogeny based on the ITS of nDNA also showed two clusters, one from the western tropical Atlantic and the other from the western Pacific (Waycott & Barnes unpublished). Because samples from the western tropical Atlantic and the western Pacific were nested in the rbcL and phyB trees (Fig. 2) , allopatric differentiation between the western tropical Atlantic and the western Pacific clades may have occurred during the early stages of the evolution of the genus (Phillips & Menez 1988) . On the other hand, a molecular phylogeny of Halodule based on the trnL of ptDNA showed two clusters, one from the western tropical Atlantic and the western Pacific, and the other from only the western Pacific (Waycott & Barnes unpublished).
Den Hartog (1979) considered H. wrightii to be tetraploid after comparing its chromosome number with other seagrasses, i.e., 2n = 20 for Syringodium, 2n = 18 for Thalassia. Our current study revealed the chromosome number of H. pinifolia to be 2n = 44 (Fig. 1, Table 1 ), the same as that of H. wrightii (den Hartog et al. 1979) . The copy number of phyB in most of the samples is one, suggesting all the Halodule species seem to be diploids, and thus polyploidisation has not occurred in the genus.
Hybridisation
Hybridisation is common in aquatic plants but not in seagrasses (Les & Philbrick 1993) . Our current study detected a hybrid in the seagrass genus, Halodule, based on molecular analyses. This is evident because H. uninervis "Narrow" (NT2445 & YI01240) harboured heterogeneous sequences, leading to their assignment to two different positions in the phyB tree, one with H. pinifolia and the other with H. uninervis (Fig.  2) . Assuming maternal inheritance of chloroplast DNA in Halodule as reported for Potamogeton (Potamogetonaceae) (Kaplan & Fehrer 2006) , and given the rbcL sequence identity between H. uninervis "Narrow" and H. uninervis "Wide", the hybrid was likely established by a cross between the maternal H. uninervis and the paternal H. pinifolia. This hybrid is morphologically characterised by the leaf width, which is intermediate between the parental species. Further comparison will be needed between the hybrid and H. tridentata from the western Pacific, a taxon that has been documented as a species (den Hartog 1964 (den Hartog , 1970 den Hartog & Kuo 2006 ) or a narrow-leaved variety of H. uninervis (den Hartog 1970) .
The present haplotype analysis suggests that the hybrid resulted from a single hybridisation event, possibly in an area where H. pinifolia and uncollected H. uninervis with haplotype E coexisted (Fig. 4) . It is likely that the hybrid was then dispersed to its present localities clonally or by seeds. Because the distributions of both H. pinifolia and H. uninervis broadly overlap in the western Pacific (Phillips & Menez 1988) , these species may coexist there. Ohba and Miyata (2007) identified a putative hybrid between H. tridentata (probably morphologically the same as H. pinifolia in our current study) and H. uninervis, in which H. tridentata-related rbcL sequences shared identity with those of H. uninervis from Okinawa, Japan. Multiple origins of hybrids have been identified in the aquatic plant Potamogeton (King et al. 2001 , Fant et al. 2003 , 2005 , Kaplan & Fehrer 2006 , Amano et al. 2008 , suggesting multiple origins are also likely in Halodule. Further samples are needed to resolve details of the origin and evolution of this hybrid.
